The primary sequence of ZAD Grau is shown in Figure 1A . received maternal grau activity, develop into normal
The crystal structure of ZAD Grau was solved de novo by adults. The grau mutant phenotype suggests that grau a two-wavelength multiple anomalous dispersion experis exclusively required during oogenesis and cortex is iment around the K-edge of an endogenous Zn 2ϩ ion. A its only target gene (Chen et al., 2000) . Our results show segmented poly-alanine model could be manually fitted that ZAD Grau exhibits a C4 zinc-coordinating fold with a to the experimental electron density map and allowed novel treble-clef-like structure. The crystallographic the subsequent incorporation of side chains. The sedata and additional biochemical evidence indicate that quence assignment was guided by well-defined aro-ZAD Grau is a protein interaction module with the capability matic residues and by the two pairs conserved cysteines to form homodimers and suggest that ZAD provides a (C4, C7, C53, and C56; see Figures 
C2H2 family members of zinc finger proteins, this motif was termed zinc finger-associated domain (ZAD). In or-
All other side chains of the refined model, except those of some hydrophilic surface residues, were entirely covder to characterize this protein motif, we studied the ZAD of the transcription factor Grauzone (ZAD Grau ). The ered by the final 2F o -F c map. No electron density developed for the C-terminal 9 residues (positions 82-90; ZAD Grau open reading frame (amino acid residues 2-90; Figure 1A ) was fused to Glutathione S-transferase (GST) Figure 1A ) of ZAD Grau and the 5 N-terminal vector-derived residues that are contained in the recombinant protein. and the recombinant fusion protein was produced in bacteria (see Experimental Procedures). After an initial
The final model therefore encompasses the residues D2-S81 of ZAD Grau that could be traced unambiguously. capture step, the ZAD Grau portion of the fusion protein was liberated by protease digestion, purified by column Presumably because of the considerable fraction of flexible residues at the termini, which could not be acchromatography, and crystallized (see Experimental Procedures). SDS-PAGE analysis of dissolved crystals counted for in the final model, the refinement converged with an R factor/R free factor of 24.1%/26.7%. Converrevealed that they contain only the ZAD Grau protein (data not shown). The fact that ZAD Grau crystallizes provides gence at these numbers is consistent with a rather high B factor extracted from a Wilson plot (52.6 Å 2 ), which is first evidence that ZADs encompass an independently folding protein module. comparable to the averaged B factor of the final structure (52.9 Å 2 ). During all refinement steps, 5% of the reflections were ZAD Is a Zinc Binding Protein Module set aside to monitor the R free factor (Table 1) . Because metal association is expected to was well defined in both the experimental and the final contribute significantly to the stability of the fold, heat model-derived maps assumed an unconventional φ/ denaturation experiments were performed in the presconformation even after manual interference. The mean ence and absence of EDTA. In the absence of EDTA, positional error of the model was estimated at 0.15 Å ZAD Grau was stable for at least 15 min at 60ЊC, whereas (Luzzati, 1952) . in the presence of EDTA (5 mM) a considerable portion of the protein precipitated when heated above 50ЊC for 15 min ( Figure 1B) . In these experiments, care was taken Structural Properties of ZAD Grau The structured portion of ZAD Grau resembles the letter to exclude divalent metal ions from the purification procedure. The result therefore suggests that ZAD Grau con-"b." Its approximate dimensions are 60 ϫ 30 ϫ 30 Å (Figures 2A and 2B ). The N-terminal body of the "b" tains an endogenous metal center that confers stability on its structure. In order to test this proposal, we percomprises a globular fold structured around a zinc ion. To further support the overall structure of ZAD Grau obtained by X-ray crystallography (Figures 2A-2D ), we took circular dichroism spectra of the molecule in solution (data not shown). The calculated secondary structure content (45%-50% helix, 5%-10% strands) obtained from these recordings compare favorably to those seen in the crystal structure (37% helix, 6% strands). The conservation of length, the predicted secondary structure, the arrangement of the annotated secondary structure elements and the critical amino acid residues of ZADs (Chung et al., 2002) ( Figure 1A) suggest that the present ZAD Grau crystal structure provides a prototype for ZAD folding. 4 ). Secondary structure elements as seen in the ZAD Grau structure are indicated below the alignment. Note that the N terminus of ZAD Grau is folded into a hairpin motif (D2-V11) and contains two conserved zinc-coordinating cysteine residues (C4 and C7; Figure1A ). Replacement of C7 by a tyrosine residue has been described as a mutation of Sry-␦ (Crozatier et al., 1992), implying that C7 is essential for ZAD function directly involved in zinc coordination. The N-terminal hairpin is followed by a loop (L1: S12-M16) which extends into a two-stranded antiparallel ␤ sheet (␤1: C17-Q19; ␤2: V51-C53) that is interspersed by a long loop-helix-loop insertion (L2: I20-K29; ␣1: V30-H37; L3: F38-K50) and followed by a C-terminal helix, ␣2.
Structure Comparison

Figure 2. ZAD Structure and Topology
This helix is directly linked to the second ␤ strand with a slanting angle of ‫08ف‬Њ between the helix axis and the average long axis of the (A and B) Two orthogonal stereo ribbon plots of the ZAD Grau structure. ␣ helices, red; ␤ strands, blue; loops, gold. In the side view of (A), ␤ sheet. Helix ␣1 of the L2-␣1-L3 motif is positioned perpendicular to both the long axis of the sheet and the axis of helix ␣2, wedging the structure resembles the letter "b." N-and C termini, secondary structure elements, and residues of the zinc center are labeled. between the two motifs. Conserved C53 and C56 residues reside in the C-terminal part of strand ␤2 and the first turn of helix ␣2, The Zn 2ϩ ion (green) and its coordinating cysteine side chains are shown in ball-and-stick.
respectively, and complete the zinc coordination sphere. be a prerequisite for extending the length of helix ␣2, because treble clef motifs embody functions as diverse as binding to nucleic acids, proteins as well as small without loosing its defined orientation relative to the ␤ sheet. Finally, helix ␣2 displays a conserved pattern of ligands and some may even exert enzymatic activity (Grishin, 2001). hydrophobic residues in ZAD ( Figure 1D ; see also below) which is absent from other TCZFs. ZAD can therefore However, the crystal structure of ZAD Grau clearly supports a model, in which ZAD represents a protein-protein be classified as a distinct subgroup of TCZF domain structures.
interaction module involved in homodimerization. Figure  4 shows that in the crystal two ZAD Grau molecules are associated through a 2-fold axis in an isologous headCrystal Structure Suggests ZAD Grau Homodimers The evolutionary restriction of ZADs to certain C2H2 to-tail fashion. As revealed by the protein-protein interaction server (http://www.biochem.ucl.ac.uk/bsm/PP/ zinc finger genes in insects, the chromosomal clustering of the majority of these ZAD-containing genes and the server/), this contact buries ‫0001ف‬ Å 2 of accessible surface area (⌬ASA). This value seems on the lower side unique folding characteristics of the domain next to the DNA binding domain of transcriptional regulators such when compared to known homodimers (Jones and Thornton, 1996). However, the interaction surface of as Grauzone strongly argue that the ZAD is associated with a specific and distinct biological function. However, ZAD Grau covers a total of close to 20% of the entire surface area. More importantly, a large number of amino the mere similarity to the fold group of the TCZFs does not allow any conclusions about the specific role of ZAD, acid residues, which are strongly conserved among ZAD Figure 4B ). When the conserved residues are mapped Some of these are not functional because of an unreasonably small ⌬ASA. Other contacts did not involve conon the surface of ZAD Grau , it becomes obvious that the largest conserved surface patch closely coincides with served residues. One rather intimate alternative association takes place through the crystallographic 4-fold the presumed dimer interface (Figures 4C and 4D) . In particular, hydrophobic residues of the long C-terminal screw axis. However, this symmetry element gives rise to heterologous contacts, leaving the bonding potentials helix ␣2 (F63, F66, I70, and Y77; Figure 1A ) build up major parts of the contact interface ( Figure 4B ). As a of ZAD unsaturated. The latter interaction mode could therefore lead to the formation of larger oligomers. We consequence, 72.5% of the amino acid residues of the dimer interface are nonpolar. The presumed dimer intertherefore examined the arrangement of ZAD in solution. face is thus designed very differently from the remainder of the surface, which is lined with polar residues and ZAD Grau Forms Dimers in Solution exhibits a highly negative electrostatic potential (Figure The quaternary structure of ZAD Grau in solution was in-3B). In the region where the tip of helix ␣2 from one vestigated by two approaches. First, we performed molecule contacts the globular portion of the other subchemical crosslinking experiments with glutaraldehyde unit, some intermolecular hydrogen bonds are observed ( Figure 5A ). In contrast to SNAP-25, which was reported as well (Q74-R5; Y77-E47; Figure 4B) . not to self-interact (Fasshauer et al., 1999), and in paralBecause of the involvement of its hydrophobic side lel with the dimerizing GST, ZAD Grau could be efficiently chains, the presumed homodimerization mode provides crosslinked to the dimer state, but no higher oligomers a straightforward explanation for the amphipathic dewere observed. Secondly, multiangle-laser-light-scatsign and the unusual length of helix ␣2 (Figure 2A) . Since, tering following size exclusion chromatography yielded in addition, both helix ␣2 and the globular portion of ZAD strong evidence for homdimerization in solution (Figure are involved in this dimerization mode, the importance of 5B). ZAD Grau eluted as a single symmetrical peak from restraining their relative orientations by the inserted L2/ various size exclusion columns with different optimal ␣2/L3 module and the zinc coordination becomes obviseparation regimes. Comparison of the elution times ous. Further supporting its significance, the present diwith those of reference proteins was consistent with merization may explain the lethal phenotype observed ZAD Grau dimers (data not shown). The scattering signal at with the conserved R4 (corresponding to R5 in Grau-632.8 nm across the elution peak indicated a molecular zone) mutated to glycine in Zw5 (Gaszner et al., 1999) . weight of 21.11 kDa, which matched the theoretical diIts side chain is positioned by ionic interactions with mer mass (21.14 kDa) almost perfectly ( Figure 5B ). This D46 to engage in a hydrogen bond with Q74 of the high congruence and the lack of a monomer or a trimer neighboring molecule (Figure 4) . We note, however, that signal, strongly suggested a monodisperse dimer sothere are a number of other contacts between the two lution. subunits that could stabilize subunit interactions. It is Collectively, our results provide strong evidence for therefore possible that the mutation simply perturbs the ZAD Grau homodimerization under near-physiological salt globular structure of the N terminus which might preconditions. They leave the 2-fold symmetrical associaclude dimerization. In any case, the analysis of the crystion of ZAD Grau in the crystal (Figure 4) as the only dimertal packing strongly suggests a functional homodimerization of ZAD Grau .
ization mode, which is consistent with all observations. Because ZAD Grau is an independently folding unit, dimerthem both into neighboring turns of the DNA major groove. Therefore, the dimerization mode of ZADs is ization is expected to prevail within the context of the full-length Grauzone transcription factor. By extension fundamentally different from the interaction mode seen in the DNA binding domains of glucocorticoid receptors, of this finding, a general function of ZADs could be to provide dimerization modules that mediate homodimer consistent with these molecules serving different functions. and/or heterodimer formation among closely related members of the ZAD transcription factor family. In sup- 
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